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Abstract
We show that an angular analysis of B → V1V2 decays yields numerous tests for new
physics (NP) in the decay amplitudes. Many of these NP observables are nonzero
even if the strong phase differences vanish. For certain observables, neither time-
dependent measurements nor tagging is necessary. Should a signal for new physics
be found, one can place a lower limit on the size of the NP parameters, as well as
on their effect on the measurement of the phase of B0–B¯0 mixing.
1london@lps.umontreal.ca
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CP violation in the standard model (SM) is due to the presence of a nonzero
complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix.
This explanation can be tested by measuring CP-violating rate asymmetries in B
decays, and extracting α, β and γ, the three interior angles of the unitarity triangle
[1]. If the measured values of these angles are inconsistent with the predictions of
the SM, this will indicate the presence of new physics (NP).
The most promising modes for measuring the CP phases are those that are
dominated by a single decay amplitude. In this case, the weak-phase information
can be extracted cleanly, i.e. with no hadronic uncertainties. An example of such a
decay is the so-called “gold-plated” mode B0d(t) → J/ψKS, which is used to probe
β 4. Note that the decay B0d(t)→ J/ψK
∗ is equally gold-plated. The only difference,
in comparison to B0d(t)→ J/ψKS, is that here the final state consists of two vector
particles. In this case, one has to do an angular analysis to separate out the CP-even
and CP-odd components [1]. Each component can then be treated separately, and
β can be obtained cleanly.
Suppose now that there is new physics. How does this affect the above analysis?
If the NP affects B0d–B¯
0
d mixing only, the above analysis is unchanged, except that
the measured value of β is not the true SM value, but rather one that has been
shifted by a new-physics phase. On the other hand, if the NP affects the decay
amplitude [3], then the extraction of β is no longer clean – it may be contaminated
by hadronic uncertainties. It is this situation that interests us in this paper.
New physics can affect the decay amplitude either at loop level (i.e. in the b→ s
penguin amplitude) or at tree level. Examples of such new-physics models include
non-minimal supersymmetric models and models with Z-mediated flavor-changing
neutral currents [4]. In all cases, if the new contributions have a different weak
phase than that of the SM amplitude, then the measured value of β, βmeas, no
longer corresponds to the phase of B0d–B¯
0
d mixing, β
mix. (Note that βmix could
include NP contributions to the mixing.)
If new-physics contributions to the decay amplitude are present, how will we see
them? One way is to note that, to a good approximation, β can also be obtained in
the SM from B0d(t)→ φKS and B
0
d(t)→ η
′KS [5]. Indeed, at present there appears
to be a discrepancy between the value of β extracted from B0d(t) → J/ψKS and
that obtained from B0d(t)→ φKS [6]. Should this difference remain as more data is
taken, it would provide indirect evidence for a NP amplitude in B → φK.
Still, even in this case, it would be preferable to have direct evidence for this
new amplitude. Furthermore, if present, we would like to obtain information about
it (magnitude, weak and strong phases). It is therefore important to have as many
4In fact, there are two weak amplitudes that can contribute to B0
d
(t) → J/ψKS: the tree
amplitude and the b → s penguin amplitude. However, the weak phases of these two amplitudes
are equal (they vanish in the Wolfenstein parametrization of the CKM matrix [2]), so that there
is effectively only a single weak amplitude contributing to B0
d
→ J/ψKS. Thus, the extraction of
the CP phase β from this decay mode is extremely clean.
1
independent tests as possible for NP. One possibility is to search for direct CP
violation. However, direct CP asymmetries vanish if the strong phase difference
between the SM and NP amplitudes is zero, which may well be the case in B decays.
(It has been argued that all strong phases in B decays should be quite small, due
to the fact that the b-quark is rather heavy.)
In this Letter we show that an angular analysis of B-meson decays to two vector
mesons, such as B0d(t)→ J/ψK
∗ or φK∗, can provide many signals for NP, including
several that are nonzero even if the strong phase differences vanish. Furthermore, if
any NP signal is found, this analysis allows one to place a lower bound on the size of
the NP amplitude, and on the difference |βmeas− βmix|. As we will see, the analysis
can even be used within the SM to analyze decays such as B0d(t) → D
∗+D∗−, from
which CP phases cannot be extracted cleanly due to penguin “pollution.”
Consider a B → V1V2 decay for which a single weak decay amplitude contributes
within the SM. Suppose that there is a new-physics amplitude, with a different
weak phase, that contributes to the decay. The decay amplitude for each of the
three possible helicity states may be generally written as
Aλ ≡ Amp(B → V1V2)λ = aλe
iδa
λ + bλe
iφeiδ
b
λ ,
A¯λ ≡ Amp(B¯ → V 1V 2)λ = aλe
iδa
λ + bλe
−iφeiδ
b
λ , (1)
where aλ and bλ represent the SM and NP amplitudes, respectively, φ is the new-
physics weak phase, the δa,bλ are the strong phases, and the helicity index λ takes the
values {0, ‖,⊥}. Using CPT invariance, the full decay amplitudes can be written as
A = Amp(B → V1V2) = A0g0 + A‖g‖ + i A⊥g⊥ ,
A¯ = Amp(B¯ → V 1V 2) = A¯0g0 + A¯‖g‖ − i A¯⊥g⊥ , (2)
where the gλ are the coefficients of the helicity amplitudes written in the linear
polarization basis. The gλ depend only on the angles describing the kinematics [7].
For B = B0d, the above equations enable us to write the time-dependent decay rates
as
Γ(Bd
(—)
(t)→ V1V2) = e
−Γt
∑
λ≤σ
(
Λλσ ± Σλσ cos(∆Mt) ∓ ρλσ sin(∆Mt)
)
gλgσ . (3)
Thus, by performing a time-dependent angular analysis of the decay B0d(t)→ V1V2,
one can measure 18 observables. These are:
Λλλ =
1
2
(|Aλ|
2 + |A¯λ|
2), Σλλ =
1
2
(|Aλ|
2 − |A¯λ|
2),
Λ⊥i = −Im(A⊥A
∗
i−A¯⊥A¯
∗
i ), Λ‖0 = Re(A‖A
∗
0+A¯‖A¯
∗
0),
Σ⊥i = −Im(A⊥A
∗
i+A¯⊥A¯
∗
i ), Σ‖0 = Re(A‖A
∗
0−A¯‖A¯
∗
0),
2
ρ⊥i=Re
(q
p
[A∗⊥A¯i+A
∗
i A¯⊥]
)
, ρ⊥⊥=Im
(q
p
A∗⊥A¯⊥
)
,
ρ‖0=−Im
(q
p
[A∗‖A¯0+A
∗
0A¯‖]
)
, ρii=−Im
(q
p
A∗i A¯i
)
, (4)
where i = {0, ‖}. In the above, q/p = exp(−2 iβmix), where βmix is the weak
phase describing B0d–B¯
0
d mixing. Note that β
mix may include NP effects (in the SM,
βmix = β). Note also that the signs of the various ρ terms depend on the CP-parity
of the various helicity states. We have chosen the sign of ρ00 and ρ‖‖ to be −1, which
corresponds to the final state J/ψK∗.
The 18 observables given above can be written in terms of 13 theoretical pa-
rameters: three aλ’s, three bλ’s, β
mix, φ, and five strong phase differences defined
by δλ ≡ δ
b
λ − δ
a
λ, ∆i ≡ δ
a
⊥ − δ
a
i . The explicit expressions for the observables are as
follows:
Λλλ = a
2
λ + b
2
λ + 2aλbλ cos δλ cosφ ,
Σλλ = −2aλbλ sin δλ sin φ ,
Λ⊥i = 2 [a⊥bi cos(∆i − δi)− aib⊥ cos(∆i + δ⊥)] sinφ ,
Λ‖0 = 2
[
a‖a0 cos(∆0 −∆‖) + a‖b0 cos(∆0 −∆‖ − δ0) cosφ
+a0b‖ cos(∆0 −∆‖ + δ‖) cosφ+ b‖b0 cos(∆0 −∆‖ + δ‖ − δ0)
]
,
Σ⊥i = −2 [a⊥ai sin∆i + a⊥bi sin(∆i − δi) cosφ+ aib⊥ sin(∆i + δ⊥) cosφ
+b⊥bi sin(∆i + δ⊥ − δi)] ,
Σ‖0 = 2
[
a‖b0 sin(∆0 −∆‖ − δ0)− a0b‖ sin(∆0 −∆‖ + δ‖)
]
sinφ ,
ρii = a
2
i sin 2β
mix + 2aibi cos δi sin(2β
mix + φ) + b2i sin(2β
mix + 2φ) ,
ρ⊥⊥ = −a
2
⊥ sin 2β
mix − 2a⊥b⊥ cos δ⊥ sin(2β
mix + φ)− b2⊥ sin(2β
mix + 2φ) ,
ρ⊥i = 2
[
aia⊥ cos∆i cos 2β
mix + a⊥bi cos(∆i − δi) cos(2β
mix + φ)
+ aib⊥ cos(∆i + δ⊥) cos(2β
mix + φ)
+bib⊥ cos(∆i + δ⊥ − δi) cos(2β
mix + 2φ)
]
,
ρ‖0 = 2
[
a0a‖ cos(∆0 −∆‖) sin 2β
mix + a‖b0 cos(∆0 −∆‖ − δ0) sin(2β
mix + φ)
+ a0b‖ cos(∆0 −∆‖ + δ‖) sin(2β
mix
+φ) + b0b‖ cos(∆0 −∆‖ + δ‖ − δ0) sin(2β
mix + 2φ)
]
. (5)
It is straightforward to show that one cannot extract βmix. There are a total of six
amplitudes describing B → V1V2 and B¯ → V 1V 2) decays [Eq. (1)]. Thus, at best
one can measure the magnitudes and relative phases of these six amplitudes, giving
11 measurements. Since the number of meaurements (11) is fewer than the number
of theoretical parameters (13), one cannot obtain any of the theoretical unknowns
purely in terms of observables. In particular, it is impossible to extract βmix cleanly.
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In the absence of NP, bλ = 0. The number of parameters is then reduced from
13 to 6: three aλ’s, two strong phase differences (∆i), and β
mix. All of these can
be determined cleanly in terms of observables. Because we have 18 observables,
but only 6 theoretical parameters, there are 12 relations that must exist among the
observables in the absence of NP. (Of course, only five of these are independent.)
The 12 relations are:
Σλλ = Λ⊥i = Σ‖0 = 0
ρii
Λii
= −
ρ⊥⊥
Λ⊥⊥
=
ρ‖0
Λ‖0
Λ‖0 =
1
2Λ⊥⊥
[Λ2λλρ⊥0ρ⊥‖ + Σ⊥0Σ⊥‖(Λ2λλ − ρ2λλ)
Λ2λλ − ρ
2
λλ
]
ρ2⊥i
4Λ⊥⊥Λii − Σ
2
⊥i
=
Λ2⊥⊥ − ρ
2
⊥⊥
Λ2⊥⊥
. (6)
The key point is the following: the violation of any of the above relations will be a
smoking-gun signal of NP. We therefore see that the angular analysis of B → V1V2
decays provides numerous tests for the presence of new physics.
The observable Λ⊥i deserves special attention [8]. From Eq. (5), one sees that
even if the strong phase differences vanish, Λ⊥i is nonzero in the presence of new
physics (φ 6= 0), in stark contrast to the direct CP asymmetries (proportional to
Σλλ). This is due to the fact that the ⊥ helicity is CP-odd, while the 0 and ‖ helicities
are CP-even. Thus, ⊥–0 and ⊥–‖ interferences include an additional factor of ‘i’
in the full decay amplitudes [Eq. (2)], which leads to the cosine dependence on the
strong phases.
Now, although the reconstruction of the full B0d(t) and B¯
0
d(t) decay rates in
Eq. (3) requires both tagging and time-dependent measurements, the Λλσ terms
remain even if the two rates for B0d(t) and B¯
0
d(t) decays are added together. Note
also that these terms are time-independent. Therefore, no tagging or time-dependent
measurements are needed to extract Λ⊥i! It is only necessary to perform an angular
analysis of the final state V1V2. Thus, this measurement can even be made at a
symmetric B-factory.
The decays of charged B mesons to vector-vector final states are even simpler
to analyze since no mixing is involved. One can in principle combine charged and
neutral B decays to increase the sensitivity to new physics. For example, for B →
J/ψK∗ decays, one simply performs an angular analysis on all decays in which a
J/ψ is produced accompanied by a charged or neutral K∗. A nonzero value of Λ⊥i
would be a clear signal for new physics [9].
The decays of both charged and neutral B mesons to D∗sD
∗ can be analyzed
similarly. Because these modes are dominated by a single decay amplitude in the
SM, no direct CP violation is expected. And since this is not a final state to which
both B0d and B¯
0
d can decay, no indirect CP violation is present either. An angular
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analysis of these decays would therefore be interesting – if any CP-violating signal
were found, such as a nonzero value of Λ⊥i, this would again indicate the presence
of new physics.
It must be noted that, despite the large number of new-physics signals, it is
still possible for the NP to remain hidden. This happens if a singular situation is
realized. If the three strong phase differences δλ vanish, and the ratio rλ ≡ bλ/aλ is
the same for all helicities, i.e. r0 = r‖ = r⊥, then it is easy to show that the relations
in Eq. (6) are all satisfied. Thus, if the NP happens to respect these very special
conditions, the angular analysis of B → V1V2 would show no signal for NP even if
it is present, and the measured value of β would not correspond to the actual phase
of B0d–B¯
0
d mixing.
Now, suppose that some signal of new physics is found, indicating that βmeas
is not equal to βmix. As we have argued earlier, in the presence of new physics
one cannot extract the true value of βmix. However, as we will describe below, the
angular analysis does allow one to constrain the value of the difference |βmeas −
βmix|, as well as the size of the NP amplitudes b2λ. Naively, one would not think
it possible to obtain any constraints on the NP parameters. After all, we have
11 measurements, but 13 theoretical unknown parameters. However, because the
equations are nonlinear, such constraints are possible. Below, we list some of these
constraints; their full derivation will be presented elsewhere [10].
In the constraints, we will make use of the following quantities. For the vector-
vector final state, the analogue of the usual direct CP asymmetry aCPdir is a
dir
λ ≡
Σλλ/Λλλ, which is helicity-dependent. For convenience, we define the related quan-
tity yλ =
√
1− Σ2λλ/Λ
2
λλ. The measured value of sin 2β can also depend on the
helicity of the final state: ρλλ can be recast in terms of a measured weak phase
2βmeasλ , defined as
sin 2 βmeasλ =
±ρλλ√
Λ2λλ − Σ
2
λλ
, (7)
where the + (−) sign corresponds to λ = 0, ‖ (⊥). In terms of these quantities, the
size of NP amplitudes b2λ may be expressed as
2 b2λ sin
2 φ = Λλλ
(
1− yλ cos(2β
meas
λ − 2β)
)
. (8)
The form of the constraints depends on which new-physics signals are observed;
we give a partial list below. For example, suppose that direct CP violation is ob-
served in a particular helicity state. In this case a lower bound on the corresponding
NP amplitude can be obtained by minimizing b2λ [Eq. (8)] with respect to β and φ:
b2λ ≥
1
2
Λλλ [1− yλ] . (9)
On the other hand, suppose that the new-physics signal is βmeasi 6= β
meas
j . Defining
2ω ≡ 2βmeasj − 2β
meas
i and ηλ ≡ 2(β
meas
λ − β
mix), the minimization of (b2i ∓ b
2
j ) with
5
respect to ηi and φ yields
(b2i ∓ b
2
j) ≥
Λii ∓ Λjj
2
−
|yiΛii ∓ yjΛjje
2iω|
2
, (10)
where Λii > Λjj is assumed. If there is no direct CP violation (Σλλ = 0), but Λ⊥i is
nonzero, one has
2(b2i ∓ b
2
⊥) ≥ Λii ∓ Λ⊥⊥ −
√
(Λii ∓ Λ⊥⊥)
2 ± Λ2⊥i , (11)
where βmeas⊥ was eliminated using the expression for Λ⊥i.
One can also obtain bounds on |βmeasλ − β
mix|, though this requires the nonzero
measurement of observables involving the interference of different helicities. For
example, if Λ⊥i is nonzero and Σλλ = 0, we find
Λii cos ηi + Λ⊥⊥ cos(η⊥ − 2ηi) ≤
√
(Λii + Λ⊥⊥)
2 − Λ2⊥i ,
Λii cos ηi − Λ⊥⊥ cos η⊥ ≤
√
(Λii − Λ⊥⊥)
2 + Λ2⊥i . (12)
If Λ⊥i 6= 0, one cannot have ηi = η⊥ = 0. These constraints therefore place a lower
bound on |βmeasi − β
mix| and/or |βmeas⊥ − β
mix|.
A-priori, one does not know which of the above constraints is strongest – this
depends on the actual values of the observables. Of course, in practice, one will
simply perform a fit to obtain the best lower bounds on these NP parameters [10].
However, it is interesting to see that constraints can be obtained analytically.
As a specific application, we have noted the apparent discrepancy in the value
of sin 2β as obtained from measurements of B0d(t) → J/ψKS and B
0
d(t) → φKS [6].
In this case, the angular analyses of B0d(t)→ J/ψK
∗ and B0d(t)→ φK
∗ would allow
one to determine if new physics is indeed present. If NP is confirmed, this analysis
would allow one to put constraints on the NP parameters.
Note that this analysis can also be applied within the SM to decays such as
B0d(t) → D
∗+D∗−. These decays have both a tree and a penguin contribution, so
that βmix cannot be extracted cleanly. Assuming no new physics, the above analysis
allows one to obtain lower bounds on the ratio of penguin to tree amplitudes, as
well as on |βmeasλ − β
mix|. This can serve as a crosscheck on other measurements of
βmix, as well as on model calculations of the hadronic amplitudes.
Finally, it is worthwhile to examine the feasibility of this method. The present
data at B-factories can already be used to perform time-independent angular anal-
yses of B → V1V2 decays. In fact, BaBar has measured a nonzero value of Λ⊥i (a
CP-violating triple-product correlation) in B → φK∗ at 1.7σ [11]. This is a poten-
tial hint of new physics. On the other hand, time-dependent angular analyses will
take considerably more time to carry out. Thus, it may be several more years before
we have new-physics signals which rely on time-dependent measurements.
To sum up: in the standard model (SM), the cleanest extraction of the CP angles
comes from neutral B decays that are dominated by a single decay amplitude. If
6
there happens to be a new-physics (NP) contribution to the decay amplitude, with a
different weak phase, this could seriously affect the cleanliness of the measurement.
There is already a hint of such NP, as indicated by the discrepancy between the
value of β extracted from B0d(t) → J/ψKS and that obtained from B
0
d(t) → φKS.
However, it is important to confirm this through independent direct tests, and to
attempt to obtain information about the NP amplitude, if possible.
In this paper, we have shown that this type of new physics can be probed by
performing an angular analysis of the related B → V1V2 decay modes. There are
numerous relations that are violated in the presence of NP, and several of these
remain nonzero even if the strong phase difference between the SM and NP ampli-
tudes vanishes. The most incisive test is a measurement of Λ⊥i 6= 0. To obtain this
observable, neither tagging nor time-dependent measurements is necessary – one can
combine all neutral and charged B decays.
Furthermore, should a signal for new physics be found, one can place a lower
bound on the difference |βmeas − βmix|, as well as on the size of the NP amplitudes.
By applying this analysis to the decays B0d(t)→ J/ψK
∗ and B0d(t)→ φK
∗, one can
confirm the presence of the new physics that is hinted at in the measurements of
B0d(t) → J/ψKS and B
0
d(t) → φKS [6]. It can even be applied within the SM to
decays such as B0d(t)→ D
∗+D∗−, which receive both tree and penguin contributions.
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